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High-temperature characteristics of 1.3 m InGaAsN:SbÕGaAs
multiple-quantum-well lasers grown by molecular-beam epitaxy
X. Yang,a) J. B. Heroux, M. J. Jurkovic, and W. I. Wang
Department of Electrical Engineering, Columbia University, New York, New York 10027

共Received 23 August 1999; accepted for publication 14 December 1999兲
1.3 m InGaAsN:Sb/GaAs multiple-quantum-well laser diodes have been grown by solid-source
molecular-beam epitaxy using Sb as a surfactant. A low threshold of 1.1 kA/cm2 was achieved for
broad-area laser diodes under pulsed operation at room temperature. High-temperature device
characterization revealed characteristic temperatures (T 0 ) of 92 and 54 K for operating temperatures
below and above 75 °C, respectively, as well as a lasing-wavelength temperature dependence of
0.36 nm/ °C. © 2000 American Institute of Physics. 关S0003-6951共00兲00107-8兴

Long-wavelength 共1.3 or 1.55 m兲 laser diodes with
wide-range-temperature operation are key devices for fiberoptical communications. However, the conventional
InGaAsP/InP system exhibits a relatively low characteristic
temperature (T 0 ) due to poor electron confinement. The typical T 0 value for InGaAsP/InP laser diodes 共LDs兲 is around
60 K, and has been recently improved to 80 K by using an
AlGaInAs/InP material system.1 However, this T 0 is still
much lower than that of 0.98 m InGaAs LDs, whose T 0 is
over 150 K. Recently, the InGaAsN/GaAs system was proposed by Kondow et al. to solve this problem.2 A high T 0
(⬎150 K) is expected for InGaAsN LDs due to the enhanced
electron confinement as a result of the increased conductionband offset.
Kondow et al. have reported 1.2 m emission of
InGaAsN single-quantum-well 共SQW兲 lasers with a high T 0
of 127 K.3 More recently, 1.3 m InGaAsN/GaAs laser diodes have been demonstrated for SQW structures grown by
gas-source molecular-beam epitaxy 共GSMBE兲,4–6 solidsource molecular-beam epitaxy 共MBE兲,7 and metal–organic
vapor-phase epitaxy 共MOVPE兲,8 as well as double heterostructures grown by metal–organic chemical-vapor deposition 共MOCVD兲.9 The results are summarized in Table I.
However, there have been some remaining difficulties in obtaining high-quality InGaAsN material due to the large miscibility gap. The photoluminescence intensity rapidly decreases while the linewidth increases with increasing
nitrogen incorporation.10–13 The lasing threshold for
InGaAsN-based LDs remains relatively high and the T 0 is
still much lower than expected.
Recently, we proposed use of Sb as a surfactant in order
to improve the quality of highly strained InGaAsN/GaAs
quantum wells 共QWs兲. The threshold of InGaAsN:Sb/GaAs
SQW laser diodes with emission at 1.2 m was reduced by a
factor of 6 due to the introduction of Sb.14 In this letter, we
demonstrate room-temperature pulsed operation of a 1.3 m
InGaAsN:Sb/GaAs multiple-quantum-well 共MQW兲 broadarea laser diode with a low threshold of 1.1 kA/cm2 by using
Sb as a surfactant. A high characteristic temperature of 92 K
below 75 °C was achieved.

The following laser structure was grown by solid-source
MBE on an n-type GaAs共100兲 substrate using a radiofrequency 共rf兲 N radical beam source 共SVT Associates兲: a
0.5  m n ⫹ -GaAs buffer layer, a 1.5 m n-Al0.3Ga0.7As
lower cladding layer, active layers consisting of three
In0.33Ga0.67As0.99N0.01 共7 nm兲/GaAs 共25 nm兲 quantum wells
sandwiched between 125 nm GaAs waveguide layers, a
1.5m p-Al0.3Ga0.7As upper cladding layer, and a 0.1 m
p ⫹ -GaAs cap layer. A Si/Be doping concentration of 7
⫻1017 cm⫺3 was used for the upper/lower cladding layers.
Conventional AuZn and AuGe/Ni metallization was used for
the p-and n-type contacts, respectively. The growth temperatures for the MQW, the GaAs waveguide layer, and AlGaAs
cladding layer were 475, 580, and 680 °C, respectively. An
excess Sb flux of 1.8⫻10⫺7 Torr was introduced during
growth of the InGaAsN layer. In and N compositions within
the InGaAsN layer were estimated as 0.33 and 0.01, respectively, from x-ray diffraction data for InGaAsN/GaAs
multiple-quantum-well structures grown under the same conditions. In addition, the N composition was calibrated by
secondary-ion-mass spectroscopy 共SIMS兲 analysis and absorption spectra of bulk InGaAsN.13
Figure 1 shows the L–I characteristics for a
60  m⫻600 m InGaAsN:Sb/GaAs MQW broad-area laser
diode measured from 15 to 105 °C with a temperature step of
10 °C. The measurement was taken under pulsed operation
with a pulse width of 1.5 s and a repetition rate of 1 kHz. A
slope efficiency of 0.11 W/A and a threshold of 1.1 kA/cm2
共0.37 kA/cm2 per well兲 with an emission wavelength of
1.299 m were obtained at room temperature. The low
threshold is attributed to the enhanced crystalline quality and
optical properties of the active region due to the surfactantlike behavior of Sb and to the enhanced optical confinement
factor 共⌫兲 of MQW LDs as compared with that of SQW LDs.
Despite the fact that adding N into InGaAs reduces the lattice
mismatch between InGaAsN and GaAs, InGaAsN with high
N composition grown by MBE revealed spotty reflection
high-energy electron diffraction 共RHEED兲 patterns, indicating three-dimensional growth and possible phase
separation.6,14 Quantum-dot-like behavior of InGaAsN/GaAs
QWs due to the composition nonuniformity has also been
reported.15 On the contrary, RHEED patterns of InGaAsN:Sb
remained streaky throughout the growth, even for laser struc-
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TABLE I. Summary of data for InGaAsN-based laser diodes.

Reference

Wavelength
共m兲

Kondow
et al.a
Mars et al.b

Strip
width 共m兲

Threshold
共kA/cm2兲

T0
共K兲

Growth
method
GSMBE

1.2

40

0.84

127

1.3 共CW兲

2

6.3

88

1.24
1.3

50
50

4.5
9.5

¯
¯

MBE

GSMBE

Gokhale
et al.c

1.2

50

1.27

85

1.3

50

2.9

¯

Hohnsdorf
et al.d

1.28

100

0.8

100

1.38

100

2.2

60

1.3
1.3

2
60

High
1.1

¯
92

Sato et al.e
This work

MOVPE

MOCVD
MBE

FIG. 2. Threshold and slope efficiency of an InGaAsN:Sb/GaAs MQW laser
diode as functions of operating temperature.
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tures consisting of the three QW active regions, indicating
layer-by-layer growth. It is clear that the excess Sb flux introduced during growth of InGaAsN acts in a surfactant-like
manner, which lowers surface free energy, suppresses surface diffusion, and thus prohibits island formation and phase
separation. In addition, photoluminescence obtained from the
quantum-well laser structures 共measured at room temperature
using an argon laser with excitation power of 0.25 W兲 reveals that the photoluminescence intensity was enhanced by
replacing the active region with MQWs compared with that
of SQWs which arises from the increased volume of the
active region.
Figure 2 shows the threshold and slope efficiency as
functions of the operating temperature. The threshold increases from 0.97 to 3.3 kA/cm2 while the slope efficiency
decreases from 0.117 to 0.053 W/A as the temperature is
varied from 15 to 105 °C. The resulting characteristic temperature (T 0 ) was approximately 92 and 54 K for operating
temperatures below and above 75 °C, respectively. The result
suggests that the MQW lasers have a lower temperature sensitivity as compared with that of SQW lasers. This could be

FIG. 1. Light vs current characteristic of an InGaAsN:Sb/GaAs MQW laser
diode measured from 15 to 105 °C with a temperature step of 10 °C.

attributed to reduced Auger recombination and leakage recombination due to the lower injection level of MQW lasers,
which leads to the reduction of the carrier density in the
wells and the population reduction of higher-energy states in
the bands. Since the Auger recombination and carrier leakage out of the quantum well are very temperature sensitive,
being more pronounced at higher temperature, the threshold
of SQW lasers is more sensitive to temperature. Another
point to note is that the gain increases slowly with increasing
injection current near the threshold gain region of SQW lasers due to gain saturation and smaller optical confinement
factor of SQW lasers. This makes the threshold of SQW
lasers more sensitive to cladding layer losses. Since the cladding layer loss increases with increasing temperature because
free-carrier absorption is larger at higher temperature, the
threshold of SQW lasers is then more sensitive to increased
temperature. The improved T 0 of InGaAsN:Sb/GaAs MQW
LDs is also attributed to the Sb surfactant effect, which made
it possible to grow high-quality InGaAsN/GaAs MQWs.
However, the T 0 achieved from InGaAsN:Sb/GaAs MQW
LDs is still lower than theoretically predicted,2 and possibly
due to the imperfections in the strained InGaAsN:Sb/GaAs
MQWs. Further optimization of growth conditions and
quantum-well structures 共number of QWs, well and barrier

FIG. 3. Lasing spectrum of an InGaAsN:Sb/GaAs MQW laser diode at
room temperature and 105 °C measured just above threshold.
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operation of a 1.3 m InGaAsN:Sb/GaAs MQW laser diode
grown by solid-source MBE. The use of Sb as a surfactant is
shown to improve the quality of the InGaAsN/GaAs quantum well, resulting in a record low threshold of 1.1 kA/cm2
for a device emitting at 1.299 m at room temperature. Lasing was observed up to 105 °C. A characteristic temperature
of 92 K was obtained when the operating temperature is
below 75 °C. Finally, an emission wavelength temperature
dependence of 0.36 nm/ °C is reported.
One of the authors 共M.J.J.兲 was supported by AFOSR/
AASERT monitored by Dr. Dan Johnstone.
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FIG. 4. Temperature dependence of lasing wavelength measured just above
threshold for an InGaAsN:Sb/GaAs MQW laser diode.

thickness兲 for InGaAsN:Sb MQW LDs may lead to increased
T0 .
The emission spectra for the above InGaAsN:Sb/GaAs
MQW LD measured at room temperature and 105 °C are
shown in Fig. 3. The measurements were taken just above
threshold. Multiple longitudinal modes were clearly observed with central peak wavelengths at 1.299 and 1.327
m, respectively. The central peaks will become more dominant when the driving current is increased further above
threshold. The lasing wavelength measured just above
threshold at different temperatures is plotted in Fig. 4, and
shows that the wavelength of the dominating lasing mode
has a linear dependence upon operating temperature with a
slope of d/dT⬅0.36 nm/ °C as the temperature varies from
15 to 105 °C. The measured d/dT of the InGaAsN:Sb
MQW laser diode is lower than that predicted by Higashi,
Yamamoto, and Ogita and lower than that of the InGaAsP
laser diode with similar T 0 . 16 This small d/dT of the
InGaAsN:Sb laser diode also demonstrates the feasibility for
practical optical fiber applications.
In summary, we have achieved room-temperature pulsed
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